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Impaired Maternal Behavior in Mice Lacking
Norepinephrine and Epinephrine
the dopamine b-hydroxylase (Dbh) gene. To determine
the concerted roles of NE and epinephrine, this ap-
proach was favored over the targeted disruption of indi-
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vidual adrenergic receptors because there are at leastUniversity of Washington
nine of them. Of note, no obvious behavioral phenotypeSeattle, Washington 98195
has yet been ascribed to mice with a targeted mutation
in a single adrenergic receptor gene (Susulic et al., 1995;
Link et al., 1996; MacMillan et al., 1996; Rohrer et al.,Summary
1996; Sallinen et al., 1997).
As a result of the mutation in Dbh, homozygotesThe roles of norepinephrine (NE) and epinephrine in
(Dbh2/2) die in utero of apparent cardiovascular failure,behavior were investigated by targeted disruption of
demonstrating a previously unappreciated role for NEthe dopamine b-hydroxylase (Dbh) gene, thereby elim-
during development (Thomas et al., 1995). To study po-inating these compounds in vivo. Most heterozygous
tential roles for NE and epinephrine in behavior usingpups born to Dbh2/2 females died within several days
this genetic model, Dbh2/2 mice are rescued to birth byof birth and were often found scattered within the
providing adrenergic agonists or a synthetic precursorbedding. Potential causes including deficits in olfac-
of NE, L-threo-3,4-dihydroxyphenylserine (DOPS), in thetionand lactation were not apparent. A deficit in mater-
maternal drinking water (Thomas et al., 1995). The major-nal behavior was confirmed by the lack of pup retrieval
ity of Dbh2/2 mice rescued to birth become viable adultsexhibited by Dbh2/2 virgin females. Restoration of NE
without further intervention. Adult Dbh2/2 mice areshortly before but not after birth induced females that
slightly smaller than their littermates owing to a delaypreviously abandoned their litters to act maternally.
in growth during adolescence and exhibit ptosis as ex-Our results suggest that NE is responsible for long-
pected from prior pharmacological studies (Levi-Mon-lasting changes that promote maternal behavior dur-
talcini and Angeletti, 1966). Otherwise, the mutant miceing both development and parturition in mice.
are difficult to distinguish from their littermates in both
appearance and behavior (Thomas et al., 1995; ThomasIntroduction
and Palmiter, 1997a). Dbh2/2 mice were subjected to a
series of behavioral tests to assess their ability to learnNorepinephrine (NE) is one of the classic neurotransmit-
and remember (Thomas and Palmiter, 1997b). They wereters of the central nervous system (CNS). The noradren-
found to have some difficulty learning an active avoid-ergic neurons of the CNS are located within several
ance paradigm and a simple motor task. While acquisi-brainstem nuclei and project to most structures within
tion and retention of a passive avoidance paradigm andthe CNS (Holets, 1990). Some behavioral roles that NE
acquisition of a spatial learning task were normal, reten-is thought to contribute to are arousal and attention,
tion of the spatial learning task was reduced. The results
fear and anxiety, and learning and memory (see Barnes
suggested a role for NE in the acquisition and retention
and Pompeiano, 1991). Results supporting various roles
of some tasks.
for NE in behavior have come traditionally from pharma-
Another form of memory, important for murine repro-
cological models using catecholaminergic neurotoxins
duction, is the olfactory memory of a stud male's phero-
or adrenergic receptor antagonists. Adrenergic recep-
mones formed by the female (Brennan et al., 1990). Male
tors are subdivided into three classic types that utilize
pheromones normally induce estrus in females to pro-
different signaling pathways: a1-adrenergic receptors mote mating. However, if estrus is induced several days
stimulate phospholipase C; a2-adrenergic receptors in- after mating, implantation of the embryos is prevented
hibit adenylyl cyclase; and b-adrenergic receptors stim-
(Keverne and de la Riva, 1982). This is referred to as
ulate adenylyl cyclase. There are at least three genes
pregnancy block and often occurs if a recently mated
for each of these receptor subtypes (see Szabadi and female is placed with an unfamiliar male. To prevent
Bradshaw, 1991). Uncovering the roles of NE and epi- the stud male from blocking pregnancy in a postcoitus
nephrine using receptor antagonists may require the female, the female forms a memory of the stud male's
simultaneous inhibition of a number of these receptors. pheromones at the time of mating, and this memory
Alternatively, catecholaminergic neurotoxins provide a prevents his pheromones from inducing estrus. The
method for eliminating the transmitters but can also memory resides within the accessory olfactory bulb
suffer from a lack of specificity because neurotoxins (AOB), and its formation is thought to depend on NE
ablate cotransmitters in addition to NE, and they can released from the terminals of the locus coeruleus in
lesion dopaminergic as well as noradrenergic terminals. the AOB during mating (Keverne and de la Riva, 1982;
We have used the gene knockout approach to confirm, Brennan et al., 1990). If noradrenergic terminals are le-
extend, and in some cases challenge the conclusions sioned or if a-adrenergic receptors are blocked by in-
drawn from previous pharmacological studies. To achieve jecting 6-hydroxydopamine (6-OHDA) or phentolamine,
this, we created mice that cannot synthesize the adren- respectively, into the AOB, then pregnancy block by the
ergic receptor ligands NE and epinephrine by disrupting stud male is induced (Rosser and Keverne, 1985; Kaba
and Keverne, 1988). Thus, in the absence of NE, one
might predict that an olfactory memory would not form,*To whom correspondence should be addressed.
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Figure 1. Fertility of Female Mice Housed with Different Males after
Mating
To test for pregnancy block, females were housed from 1.5 to 4.5
days postcoitus with either the stud male (familiar) of the same
strain (129/SvCPJ 3 C57BL/6J) or an unfamiliar male (strange) of a
different strain (BALB/c). All females were housed with the stud
males until 1.5 days after mating. Numbers above bars represent
the number of female matings examined.
and the stud male would block the pregnancies of mu-
Figure 2. Survival of Pups Born to Dbh2/2 Femalestant females housed with him. In the process of testing
(A) Percent survival of 199 pups born to Dbh2/2 females mated withthis hypothesis using Dbh2/2 mice, we discovered that
Dbh1/1 or Dbh1/2 males. Postnatal day 1 is the morning pups were
the majority of pups born to mutant females die within discovered in the cage. The majority of pups died 24±48 hr after
several days of birth. The following results demonstrate birth. All pups born to Dbh2/2 females were Dbh1/2 because NE is
that the poor neonatal survival is due to impaired mater- essential for fetal survival (Thomas et al., 1995).
(B) Comparison of first and second litters born to Dbh1/2 and Dbh2/2nal behavior.
females. Percent of litters found gathered in nest (litters gathered)
on postnatal day 1 and percent survival of the pups to weaningResults
(pups weaned). Eight females of each genotype were tested.
Olfactory Memory for Pheromones
To assess the ability of Dbh2/2 females to form an olfac- BALB/c F1 males after mating, similar frequencies of
pregnancy block were observed (data not shown). Thustory memory of a stud male's pheromones, three fe-
males were housed with each Dbh1/2 male. Females Dbh2/2 females can exhibit pregnancy block with strange
males. Because pregnancy block did not occur whenwere examined each morning for the presence of a mu-
cous vaginal plug indicative of mating. Dbh2/2 females females were housed with the stud male, these results
suggest that NE is not essential for the formation of anwere as fertile as controls. Of 120 plugs detected in
control females, 105 (87.5%) resulted in pregnancy, olfactory memory for male pheromones.
while 82 pregnancies resulted from 96 matings (85.4%)
in mutant females (Figure 1). These data were collected Survival of Pups Born to Dbh2/2 Females
A striking finding that resulted from breeding Dbh2/2by leaving the mutant females with the stud male for
over a week after mating while continuing to check for females was that the majority of their pups did not sur-
vive beyond several days after birth (Figure 2A). Theplugs. The results indicate that the stud male does not
cause pregnancy block in the mutant females, contrary genotype of these pups was Dbh1/2, for which there
was a very low incidence of mortality when born toto predictions from pharmacological studies (Keverne
and de la Riva, 1982; Rosser and Keverne, 1985; Kaba Dbh1/2 females. The survival of the pups did not depend
greatly on the size of the litter, and in most cases survivaland Keverne, 1988).
Failure to observe pregnancy block in the Dbh2/2 fe- of the litter was all or none. Interestingly, the pups were
often observed scattered within the bedding around themales suggests that their olfactory memory for male
pheromones is intact. Alternatively, Dbh2/2 mice may nest rather than gathered into the nest, the latter being
observed almost invariably with heterozygous females.not exhibit pregnancy block because adrenergic stimu-
lation is also critical for the induction of estrus by male In addition to appearing abandoned, dead pups were
not cannibalized. Dbh2/2 dams exhibited a similar phe-pheromones. To test the latter possibility, Dbh2/2 fe-
males were placed with males of two different strains notype from birth to birth, although occasionally greater
or fewer pups survived when comparing the second or1.5 days after mating. When females were housed with
vasectomized BALB/c males after mating, 50% of con- third litter to the first. Thus, neonatal survival was not
enhanced by prior birthing experience of the Dbh2/2trol females (n 5 22) and 59% of Dbh2/2 females (n 5
22) became pregnant (Figure 1); the difference between dams, nor was gathering of pups within the nest (Figure
2B). The absence of visible milk in the stomachs of mostthe genotypes was not significant (p . .5, x2). When
females were housed with vasectomized DBA/2 3 pups born to Dbh2/2 females indicated that the pups
Maternal Behavior of Norepinephrine-Deficient Mice
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Figure 4. Retrieval of Foster Pups by Virgin Females
The number of pups from Dbh1/2 females retrieved (gathered) into
the nest after placing one foster pup in each of the three corners
not containing the nest. The data are from the second retrieval
session; pups were presented for 20 min. The latency to retrieve
the first pup is also shown (latency). Numbers above bars represent
Figure 3. Cross-Fostering of Pups Born to Dbh1/2 and Dbh2/2 Fe-
the number of females tested. Only 7 of the 18 Dbh2/2 females
males
retrieved one or more pups. Females were 7±9 weeks old. For the
Pups from Dbh2/2 females were cross-fostered to Dbh1/2 females gathering of pups, p , .0001 by t test; for latency, p 5 .038 by
that gave birth during the same night. Likewise, the pups born to the Mann-Whitney U test.
recipient Dbh1/2 females were cross-fostered to the donor Dbh2/2
females. Cross-fostering was performed the morning when the pups
were discovered. All pups were placed into the recipient female's hr, three neonates from Dbh1/2 females were placed in
nest. separate corners of the cage that did not contain the
nest. The number of pups gathered into the nest over
the next 30 min was scored. Pup retrieval was assessed
were not nursing. However, examination of mammary again after another 24 hr for 20 min, during which the
gland tissue in pregnant females at E18.5, the day before latency to retrieve each pup and the time spent crouch-
their expected birth, revealed that this tissue developed ing over the retrieved pups was recorded.
normally in the Dbh2/2 females relative to controls (data The majority of Dbh2/2 virgin females did not gather
not shown). any of the three pups during either the first or second
Cross-fostering experiments were performed in an exposure to the neonates; this was in contrast to Dbh1/2
effort to determine whether the primary deficit resided virgin females, which usually gathered all three pups
within the Dbh2/2 dams or their pups. Because the mu- during both sessions (p , .0001; Figure 4). Of the mutant
tant females appeared to abandon their neonates, we females that did retrieve at least one pup, the latency
suspected a deficit in maternal behavior. If this were to retrieve the first pup was about five times longer than
the case, then pups born to control (Dbh1/2) dams and that for controls (p 5 .04). Females of both genotypes
cross-fostered to Dbh2/2 dams should fail to thrive, spent most of the remaining test period crouched over
while pups born to Dbh2/2 dams and cross-fostered to the pups after at least one pup had been retrieved (data
Dbh1/2 dams should flourish. Surprisingly, almost all not shown).The deficit in pup retrieval was also apparent
cross-fostered litters were raised to weaning (Figure in Dbh2/2 males. Because our control females per-
3). These results demonstrate that Dbh2/2 females can formed just as well during their initial exposure to the
nurse, providing further evidence that lactation is not pups as they did on their second exposure, males were
impaired. As expected, half of the litters born to the tested with a single exposure to the pups. Dbh1/2 males
Dbh2/2 females were scattered in the bedding before retrieved 2.61 6 .21 pups while Dbh2/2 males retrieved
being cross-fostered. To control for the handling of the 0.28 6 .18 pups (n 5 18 for each genotype, p , .0001).
pups and the fact that they were being placed in the
nest of the foster female, several litters were cross- Rescue of Maternal Behavior
fostered between Dbh2/2 females whose pups were The deficit in maternal behavior could reflect a develop-
scattered in the bedding. None of these litters survived. mental deficit caused by NE deficiency or it could repre-
The results also suggest that if the pups have already sent a physiological deficit. If the latter is correct, then
suckled they can elicit appropriate nurturing behavior restoration of NE should reverse the phenotype, and one
in the mutant dams. could ask when and for how long NE must be present to
restore normal behavior. To distinguish between these
two possibilities, NE was restored to the mutant femalesMaternal Behavior
While intriguing, the cross-fostering experiments did not using the NE precursor, DOPS. All mutant females used
in this study had abandoned their first litter, and thusaddress whether the primary deficit resided within the
Dbh2/2 females or their pups. To test maternal behavior were expected to abandon their second litter. Of the six
dams injected with DOPS the morning after giving birth,directly, 2-month-old virgin females and males were ex-
amined for their ability to retrieve neonates scattered in none acted maternally and all the pups subsequently
died (Figure 5). In contrast, over half of the litters sur-their home cage. Mice were housed individually and
provided with cotton to build a nest. Nest building was vived when Dbh2/2 females were injected with DOPS
the evening prior to birth, and even more litters survivedgenerally similar between the genotypes, although oc-
casionally the Dbh2/2 mice built poor nests. After 24 when DOPS was injected the evening before and the
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In contrast to the results observed when NE was pres-
ent during birth, four injections of DOPS every 12 hr
starting at either E15.5 or E16.5 did not significantly
enhance the survival of pups born to Dbh2/2 females.
Untreated females (n 5 11) raised 24% of their pups
(n 5 54), while treated females (n 5 11) raised 38% of
their pups (n 5 65, p 5 .10, x2). This was the first preg-
nancy for these females, so some were expected to
act maternally. Thus, restoration of NE as late as the
morning before birth did not rescue the litters that were
subsequently born. Because NE is largely metabolized
24 hr after injection of DOPS, these results indicate that
Figure 5. Rescue of Litters Born to Dbh2/2 Females by DOPS NE present at the time of parturition is both necessary
All females tested had abandoned their first litter. A DOPS plus and sufficient for long-lasting induction of maternal be-
carbidopa solution was administered to the females (shaded bars) havior in Dbh2/2 females.
either the evening before birth, the morning after birth, or both (B &
Because NE rescued maternal behavior when presentA). None of the litters from the six females tested with DOPS injection
at birth, we reasoned that injection of DOPS in virginthe morning after birth survived. Females whose litters were rescued
females prior to foster pup presentation would also stim-by DOPS during their second pregnancy were also examined for
the survival of their litters following their third pregnancy (hatched ulate retrieval in the Dbh2/2 females. In the first trial, six
bar). In this case, DOPS was not administered. The doses of DOPS of the two-month-old mutant virgin females tested in
and carbidopa used were 0.5 and 0.125 mg/g body weight, respec- Figure 4 were injected with DOPS on the morning of a
tively. Numbers above bars represent the number of females tested.
third day of foster pup presentation. Retrieval sessions
were performed 5±6 hr after the DOPS injection because
brain NE levels peak around this time (S. A. T. andmorning after birth. In comparing the results from those
injected after birth to those injected before and after R. D. P., unpublished data). To our surprise, DOPS did
not significantly enhance pup retrieval by the mutantbirth, the difference in litter survival was highly signifi-
cant (p 5 .002, x2). Remarkably, 85% of the mutant virgin females (data not shown). DOPS rescue of mater-
nal behavior during parturition (Figure 5) was performedfemales whose maternal behavior had been rescued by
DOPS with their second litter also behaved maternally in females that were z4 months old. Because we have
noted some other delays in development (Thomas ettoward their third litter, this time in the absence of NE.
For the injections just prior to birth, carbidopa was al., 1995; Tafari et al., 1997) we also tested virgin females
that were 4±5 months old. Virgin females at this ageincluded with the DOPS because DOPS alone was toxic
to the fetuses. Carbidopa is an inhibitor of aromatic L behaved similarly to those at 2 months: controls re-
trieved all three pups while the mutants usually retrievedamino acid decarboxylase; it does not cross the blood
brain barrier, therefore it prevents the conversion of none (p , .0001, Figure 6A). A second group of 4- to
5-month-old mutant females was injected with DOPSDOPS into NE in the periphery but not in the CNS. With
the dose of DOPS plus carbidopa used here, 11%±26% plus carbidopa at the same dose that was successful in
rescuing maternal behavior during parturition. Injectionsof normal NE levels were restored in various regions of
the CNS while levels in the periphery were less than 1% were given 5±6 hr before each of the two pup presenta-
tions. Pup retrieval was not significantly greater in theof normal (Table 1). The requirement for NE in the CNS
but not in the periphery is consistent with the hypothesis DOPS-injected mice relative to the uninjected mice (p 5
.89), although the trend suggested that there may havethat maternal behavior is impaired in Dbh2/2 mice.
Table 1. Norepinephrine Levels Following DOPS Plus Carbidopa Injection
Dbh2/2 with
Tissue Dbh1/2 Dbh2/2 DOPS/C Percent
Periphery
Serum 21 6 3.5 ,0.18 6 .06* 0.23 6 0.05 1
Adrenal 7300 6 1600 ,16 6 1* 30 6 4 0.4
Heart 4.4 6 0.8 ,0.20 6 0.01* ,0.17 6 0.01* ,4*
Brown Fat 14.1 6 4.5 ,0.15 6 0.03* ,0.15 6 0.03* ,1*
CNS
Olfactory Bulb 3.2 6 1 ,0.17 6 0.01* 0.67 6 0.08 21
Frontal Cortex 6.0 6 1.3 ,0.23 6 0.03* 1.1 6 0.14 18
Striatum 16.4 6 6.6 ,2.5 6 0.34* 4.3 6 0.74 26
Hippocampus 13.2 6 2.3 ,0.78 6 0.14* 1.4 6 0.12 11
Thalamus 11.7 6 2.9 ,0.57 6 0.04* 1.24 6 0.15 11
Hypothalamus 27 6 6.0 ,0.64 6 0.07* 3.6 6 1.2 14
Amygdala 8.7 6 1.6 ,0.31 6 0.02* 1.40 6 0.14 16
Brainstem 25 6 3.8 ,0.34 6 0.04* 2.8 6 0.52 11
Levels are those at 5 hr after intraperitoneal injection of DOPS at 0.5 mg/g plus carbidopa at 0.125 mg/g (DOPS/C). Striatum includes the
rostral caudate/putamen, nucleus accumbens, and olfactory tubercle. Values are given as ng/mg protein except for serum, which is ng/ml.
Values are the mean of 5 samples plus or minus the standard error. Asterisks indicate where values were below the limit of detection.
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been some improvement (Figure 6A). The lack of a signif-
icant enhancement in pup retrieval by DOPS might have
been due to insufficient repletion of NE. Therefore, pup
retrieval also was tested in mice injected with twice
the dose of DOPS, and another injection was given the
evening in between the retrieval sessions to maintain
NE levels overnight. Carbidopa was not used so that
NE would be restored in the periphery as well as the
CNS. In spite of the greater levels of NE achieved (data
not shown), no pup retrieval was observed in the 8 mu-
tant females tested under these conditions (Figure 6A).
This regimen of DOPS was also tested in 2-month-old
mutant males, and it did not significantly improve pup
retrieval either (0.56 6 .36 of three possible pups re-
trieved, p 5 .43, t test).
The inability of DOPS to rescue pup retrieval in mutant
virgin females was probably not simply due to the lack of
some factor present during pregnancy because control
virgin females and young males exhibited robust pup
retrieval. However, it is possible that either pregnancy
or parturition overcomes the developmental deficit in
maternal behavior owing to the absence of NE. To test
this idea, pup retrieval was examined in mutants either
shortly before or after birth in the absence and in the
presence of DOPS. For the period just prior to birth, pup
retrieval remained poor in the mutant females, and four
injections of DOPS every 12 hr starting at either E15.5
or E16.5 did not significantly improve retrieval or latency
(p 5 .71 and p 5 .51 respectively, Figure 6). For the
period immediately after birth, pup retrieval by the unin-
jected mutant females was improved relative to that for
virgin or pregnant mutant females. Not surprisingly, thisFigure 6. Rescue of Foster Pup Retrieval by Virgin Females Using
result suggests that factors in addition to NE facilitateDOPS
maternal behavior around the time of birth. However,(A) The number of pups retrieved as tested in Figure 4 is shown,
pup retrieval was still less than that observed for con-except that the females were 4±5 months old. Control females were
Dbh1/2 (black bar). Dbh2/2 females were either untreated (Dbh 2/2, trols, and the latency of retrieval was no better than
hatched bar), given the same dose of DOPS plus carbidopa as used that observed in mutant virgin females. Importantly, four
in Figure 5 on the morning of each of the two retrieval sessions
injections of DOPS every 12 hr starting at E18.5 (which(DOPS, gray bar), or given twice the dose of DOPS (no carbidopa)
would include the time of parturition) improved the num-on both mornings and the evening in between (23 DOPS; 0 pups
ber of pups retrieved (p 5 .047, Figure 6B) and theretrieved). Numbers above bars represent the number of females
tested. Statistical analysis was performed using ANOVA for unequal latency to retrieve the first pup (p 5 .008, Figure 6C).
variances and Tamhane's T2 for posthoc comparison: Dbh1/2 versus This result demonstrates that restoration of NE at this
Dbh2/2 irrespective of treatment, p , .005; Dbh2/2 versus DOPS, time enhances these aspects of maternal behavior.
p 5 .89; Dbh2/2 versus 23 DOPS, p 5 .58.
All foster pups used in the retrieval assays above(B) Pup retrieval by Dbh2/2 females. Procedure was that described
came from Dbh1/2 females. Because postpartum Dbh2/2in Figure 4 except that females were 4±5 months old. The second
pup retrieval session was conducted on either E17.5 or E18.5 (preg- females raised such pups in the initial cross-fostering
nant) or postnatal day 2 (postpartum). The experiment was repeated experiment (Figure 3), it was possible that the genotype
with postpartum Dbh2/2 females using pups born to other Dbh2/2 of the female from which the foster pups came might
females (postpartum*). DOPS plus carbidopa was administered the
be important in the retrieval assay. A change in reactivityevening and the morning before each of the retrieval sessions. Thus,
to pups specifically from Dbh1/2 females could explainthe first DOPS injection for the Dbh2/2 females tested after birth
was administered the evening before birth. The doses of DOPS and the increase in the number retrieved by Dbh2/2 females
carbidopa used were 1 and 0.125 mg/g body weight, respectively. immediately after versus before birth. To test this, the
Statistical analysis was performed using the Mann-Whitney U test retrieval assay was repeated in postpartum Dbh2/2 fe-
for comparison: pregnant, p 5 .71; combined postpartum, p 5 .047.
males using foster pups born to other Dbh2/2 females.Postpartum results were combined because the genotype of the
The number of pups retrieved and the latency to retrievedams from which the foster pups were born was not important.
the first pup were nearly identical to the results obtained(C) Latency to gather the first pup by Dbh2/2 females. Procedure
was that described part B. Statistical analysis was performed using when pups from Dbh1/2 females were used (Figure 6).
the Mann-Whitney U test for comparison: pregnant, p 5 .51; com- Furthermore, pups born to Dbh2/2 females were used
bined postpartum, p 5 .008. to test retrieval in virgin Dbh1/2 females: all three pups
were retrieved by each of the six females tested. Thus,
there is no distinguishing feature of pups born to Dbh2/2
females that alters retrieval behavior.
Cell
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Discussion
By eliminating the synthetic enzyme for NE through tar-
geted-disruption of the Dbh gene, mice are unable to
produce either NE or epinephrine, the endogenous li-
gands for theadrenergic receptors (Thomas et al., 1995).
One of the goals of this approach was to determine what
the critical roles of these compounds are with respect
tobehavior. This has been difficult toachieve pharmaco-
logically, even though good agents exist that either
block the adrenergic receptors or lesion noradrenergic
terminals. There are several inherent problems with the
pharmacological approach. First, it is difficult toblock all
adrenergic receptors sufficiently without simultaneously
affecting other processes due to nonspecific interac-
tions. Second, noradrenergic terminal ablation results
in the loss of all cotransmitters in addition to NE. Third,
agents must be applied at the appropriate time and
place. Thus, a genetic approach permits the screening
of all potential phenotypes specifically due to these
transmitters, unencumbered by assumptions.
One difficulty using standard gene-targeting tech-
niques is the potential for developmental as well as
physiological effects. Indeed, Dbh2/2 fetuses largely die
in mid-gestation, possibly owing to cardiovascular in-
sufficiency (Thomas et al.,1995). The use of the synthetic
precursor of NE, DOPS, has allowed us to meet the
requirement for NE in utero, and it has been a useful
tool for determining whether a phenotype is due to aFigure 7. Olfactory Discrimination
developmental requirement for NE versus a physiologi-
(A) Presentation of methyl salicylate at the relative concentrations
cal requirement for NE at the time of testing. A secondindicated was paired with LiCl injection, an aversive stimulus. The
aspect of standard gene-targeting techniques is the po-concentrations are relative to a saturated aqueous methyl salicylate
solution. Saccharin versus saccharin plus odorant consumptionwas tential for compensation. However, if the goal is todeter-
measured 1 day later for 2 days. The preference ratio represents mine what roles are critical to a given molecule, then
the ratio of the odorant solution consumed to total fluid consumed. this drawback is immaterial. Because dopamine (DA) is
Also shown is the preference ratio for a 1023 relative concentration
the precursor for NE, neurons that normally release NEwithout LiCl injection (No LiCl). By two-way ANOVA, p 5 .0005 for
should release DA in the Dbh2/2 mice. Ectopic DA re-concentration, p 5 .99 for genotype, and p 5 .78 for concentration
lease could produce phenotypes unrelated to the ab-by genotype. (B) Presentation of amyl acetate as in (A). By two-way
ANOVA, p , .0001 for concentration, p 5 .07 for genotype, and p 5 sence of NE. However, we have observed that when
.98 for concentration by genotype. DOPS is used to restore NE, it reduces the excess DA
levels only minimally (S. A. T. and R. D. P., unpublished
data). Thus, any phenotype reversed by DOPS treatment
is much more likely to result from the absence of NE
rather than the ectopic release of DA. DA may also mask
Olfaction potential phenotypes by acting as a weak adrenergic
Maternal behavior in the mouse depends on olfaction. agonist. This question can be addressed in future stud-
Removal of the olfactory bulbs in mice results in canni- ies by generating mice that have neither NE nor DA in
balism or abandonment of newborns (Grandelman et their noradrenergic terminals.
al., 1970). While accessory olfactory pathways appear
to be intact in the Dbh2/2 females (see above), it remains
possible that the main olfactory pathways are altered. To Olfactory Memory
test this, mice were subjected to an avoidance paradigm We anticipated a deficit in olfactory memory for phero-
that depends on the detection of volatile odorants mones in Dbh2/2 females because there is considerable
known to activate the main olfactory system. Presenta- evidence implicating NE in the formation of an olfactory
tion of an odorant was followed by LiCl injection, thus memory of the stud male's pheromones by the female
pairing detection of the odorant with an aversive stimu- shortly after mating in mice (Keverne and de la Riva,
lus. The ability to detect and avoid the odorant was 1982; Rosser and Keverne, 1985; Kaba and Keverne,
assessed beginning the next day. The ability of Dbh2/2 1988; Brennanet al., 1990). However, the Dbh2/2 females
mice to detect and avoid either amyl acetate or methyl maintained their pregnancies in the continued presence
salicylate was not significantly different from that of of the stud male, and they responded with normal preg-
Dbh1/2 mice (Figure 7). Avoidance of these compounds nancy block to strange males. The results suggest that
was minimal when they were not paired with LiCl in- NE is not essential for olfactory memory of pheromones.
However, it is possible that the mechanisms normallyjection.
Maternal Behavior of Norepinephrine-Deficient Mice
589
orchestrated by NE have been taken over by DA, which even though they were gathered in the nest. Second,
litters that were cross-fostered between Dbh2/2 femalesshould be released in place of NE. It will be important
to repeat these studies in mice lacking both DA and NE also perished. Of note, the deficit in maternal behavior
is not overcome by cross-fostered pups from Dbh1/2in their noradrenergic terminals.
females in every case. Six Dbh2/2 females that had pre-
viously abandoned a litter and then exhibited pup scat-
Maternal Behavior tering upon the birth of their second litter were also
A deficit in the maternal behavior of Dbh2/2 mice was tested by cross-fostering. Of these 6 females, 2 raised
clearly demonstrated by examining pup retrieval in virgin the cross-fostered pups from Dbh1/2 females to weaning.
female and young male mice. This deficit may explain The use of DOPS to restore NE in the Dbh2/2 females
why approximately half of the litters born to Dbh2/2 led to several important observations. First, it was es-
females were buried in the nesting material. However, sential that NE be present at the time of birth. Restoring
it is likely that this is not the only maternal behavior NE the morning after birth, or for two days shortly before
impaired in Dbh2/2 mice. Often these pups have not birth, did not enhance neonatal survival. Second, rescue
been cleaned and may still have their placenta attached. of maternal behavior by DOPS carried over to subse-
A deficit in maternal behavior does not exclude the pos- quent pregnancies when NE was no longer present.
sibility that other deficits contribute to neonatal demise. Third, DOPS was unable to enhance foster pup retrieval
For example, Dbh2/2 females could abandon their litters unless it was associated with birth. Taken together,
secondary to being unable to lactate or perform some these results indicate that NE, present at the time of
other physiological function. Alternatively, neonates that birth, induces long-lasting changes that facilitate ex-
underwent fetal development in the absence of maternal pression of maternal behavior. Furthermore, NE is im-
NE may be impaired somehow and as a result are aban- portant for the proper development of pathways that
doned by their dams. Both of these possibilities are mediate maternal behavior. These effects of NE could
unlikely given the results of the cross-fostering experi- result from the same underlying process. For example,
ments. That study demonstrated that Dbh2/2 females there may be a window during development through
can lactate and nurture pups until weaning and that which NE helps to establish the pathways that mediate
pups born to Dbh2/2 females thrive when cross-fostered maternal behavior. After this time, NE is unable to medi-
to Dbh1/2 females. The maternal deficit in the Dbh2/2 ate these actions except under the special circumstance
mice is probably not due to secondary changes in hor- of birth, when a proper environment again allows NE to
mones associated with parturition that have been impli- alter these pathways. NE may be normally released in
cated in maternal behavior. Oxytocin is not essential for the brain secondary to the sensory experience associ-
maternal behavior in mice as revealed by gene targeting ated with delivery. NE metabolites increase in the sub-
(Nishimori et al., 1996). Signaling through the prolactin stantia nigra, and NE release increases in the olfactory
receptor is essential for both proper maternal behavior bulb of multiparous but not primiparous sheep during
and lactation (Ormandy et al., 1997), a phenotype that parturition (Kendrick et al., 1988; L'evy et al., 1993). In
is distinct from that manifest by the Dbh2/2 mice. the rat, small changes in hypothalamic NE metabolism
If the primary deficit is in maternal behavior, then why have been documented in the immediate postpartum
did the Dbh2/2 females raise pups that were cross-fos- period, and differences also exist between controls and
tered from Dbh1/2 females? One important difference is rats induced to act maternally by pup exposure (Moltz
that the cross-fostered pups have already had nurturing et al., 1975; Rosenberg et al., 1976). Cervical stimulation
experience prior to being placed with the Dbh2/2 fe- mimicking coitus in mice is known to release NE in the
males. The nurturing experience may alter the behavior olfactory bulbs but not in cortical areas (Rosser and
of these pups. For example, rat dams coat their nipples Keverne, 1985).
with amniotic fluid and this attracts the neonates (Blass Olfactory cues from neonates are necessary to elicit
and Teicher, 1980). Similar maternal cues in mice may nurturing behavior in mice (Grandelman et al., 1970) and
cause the pups cross-fostered from the Dbh1/2 females are necessary and sufficient for mice to locate pups in
to act more aggressively in seeking out the nipple of a maze (Smotherman et al., 1974). It has been suggested
the Dbh2/2 female. Nursing by these pups could then that NE is important for olfactory recognition of new-
overcome or circumvent initial deficits in the maternal borns in several species, including mice (Pissonnier et
behavior of Dbh2/2 females, inducing them to act mater- al., 1985; Dickinson and Keverne, 1988; Keverne, 1988;
nally. Thus, Dbh2/2 females may fail to give instructional L'evy et al., 1990; Calamandrei et al., 1992; Kendrick
cues to their pups; such a deficit would compound their et al., 1992). In rats, intraventricular administration of
deficit in retrieval. It is clear that nurturing experience 6-OHDA 2 days before birth reduced postpartum mater-
does not make pups more meaningful to virgin Dbh2/2 nal behavior, while administration 4 days after birth had
females because these females fail to retrieve foster no effect on the maintenance of maternal behavior (Ro-
pups that have been nurtured by Dbh1/2 females. An- senberg et al., 1977). The effects on maternal behavior
other difference that might account for the observation of depleting NE in the olfactory bulb of mice using
that Dbh2/2 females raised cross-fostered pups is that 6-OHDA are similar to, but less severe than, targeted
these pups were placed as a group into the nests of the disruption of the Dbh gene. About 70% of females that
Dbh2/2 females, which is not how their own pups were have 6-OHDA lesions of the olfactory system exhibit
found in about half of the Dbh2/2 litters. Two observa- cannibalism of a few of their pups (Calamandrei et al.,
tions diminish the importance of this difference, how- 1992), while most neonates of Dbh2/2 mice appear to
be abandoned and die shortly after birth without beingever. First, some litters born to Dbh2/2 females perished
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(Sigma) to prevent oxidation, were made fresh daily, and were pro-cannibalized. The difference in phenotypes of 6-OHDA-
tected from light. Mice were genotyped by PCR using a pair oflesioned and the Dbh2/2 mice may be due to incomplete
primers to amplify a fragment from the neomycin (Neo) resistancedepletion of NE in the olfactory bulbs or to lack of deple-
gene inserted into the Dbh locus, and another pair to amplify a
tion at other central or peripheral sites. fragment from the segment of the Dbh gene that was replaced by
NE may be important for the induction of immediate Neo. All genotyping was subsequently confirmed by the phenotype
characteristics of ptosis and delayed growth during adolescence inearly genes in response to pup exposure. When the
the Dbh2/2 mice.noradrenergic input to the olfactory bulbs of mice was
lesioned using 6-OHDA, immunodetection of the c-fos
Fertilitygene product no longer occurred in the olfactory bulb
Fertility was assessed by housing one male with 3±4 females. Fe-
as well as other primary olfactory regions of the CNS males were checked for the presence of a mucous vaginal plug
(Calamandrei and Keverne, 1994). Furthermore, mice each morning. The presence of a plug (E0.5) indicated that mating
lacking FosB exhibit a phenotype similar to the Dbh2/2 had occurred the previous night. For fertility studies, females re-
mained with the males until E16.5 if pregnant unless prenatal rescuemice with respect to maternal behavior (Brown et al.,
of mutant fetuses was performed. For studies examining pregnancy1996). The authors make the interesting observation
block induced by a stud male, the female was removed from thethat, while FosB is expressed constitutively in many
cage 1 day after a plug was detected and then returned to that cage
locations in the CNS, FosB expression is induced in the to control for handling. The females continued to be monitored for
medial preoptic area (MPOA) of the hypothalamus 6 hr plugs. For studies examining pregnancy block induced by a BALB/c
after pup exposure. The MPOA has been shown to be or BALB/c 3 CBA F1 (unfamiliar) male, the female was removed
from the stud male cage 1 day after a plug was detected and placeda crucial center for the expression of nurturing behavior
with an unfamiliar male for 3 days (the period during which block(Numan et al., 1988). A requirement for FosB induction
occurs owing to inhibition of implantation). Females were thenis consistent with the observation that in rats, maternal
housed together for the remainder of gestation. Although not ideal,
behavior is induced by chronic pup exposure (Rosen- a cage containing an unfamiliar male typically had several females
blatt, 1967; Fleming and Rosenblatt, 1974) and is depen- being tested for pregnancy block. This may have resulted in a higher
dent on protein synthesis (Fleming et al., 1990; Malen- rate of pregnancy than when there is only one female per unfamiliar
male because pheromones from other females can suppress thefant et al., 1991). A similar induction of nurturing behavior
estrus induction required to observe pregnancy block (Keverne,with repeated pup exposure was observed in the control
1983).129/Sv 3 BALB/c mice used in theFosB study. However,
we found that pup retrieval and crouching over the re- Survival of Neonates
trieved pups was an almost immediate response in 129/ To examine the postnatal survival of neonates, pregnant Dbh2/2
Sv 3 C57BL/6 control mice. Although these mice had females were housed separately at E16.5 with a cotton square avail-
able for nest building. Initially Dbh2/2 females were mated withnever been previously exposed to pups, they gathered
Dbh1/2 males, and the genotypes of all pups were determined eitherthe majority of the foster pups within several minutes,
after death or successful weaning. However, no Dbh2/2 pups weregathering almost as many pups on the first day (2.17 6
found. Subsequent matings were with wild-type males; thus, all.21) of exposure as on the second (2.61 6 .19). The
pups born to Dbh2/2 females were Dbh1/2. Inspection for litters born
difference in initial behavioral response between our in the previous z12 hr was made near the beginning and end of the
mice and the mice used in the FosB study could be due light cycle each day. A note was made as to whether the pups were
gathered in the nest or scattered in the bedding. For the cross-to a partial strain difference or the age of the mice (4±6.5
fostering studies, only pups born on the same night were used. Allweeks old versus 7±9 weeks old in our study). Regard-
pups were placed into the nest of the recipient female.less, it seems likely that a requirement for FosB in our
control mice would depend on expression of FosB prior
Retrieval of Foster Pups
to pup exposure because there would not be sufficient Male mice and virgin or pregnant female mice that had never been
time for induction of fosB gene expression to impact exposed to younger mice were housed individually 1 day prior to
maternal behavior. Our results suggest that basal ex- pup exposure. They were provided with a cotton square as nest
material. Both genotypes generally built well-defined nests by thepression of FosB, or the expression of FosB during de-
next day, the first day of testing. On this day, a 1±3-day-old fostervelopment, is adequate for pup retrieval. Future studies
pup from a Dbh1/2 dam was placed in each of the 3 corners of theexamining the expression pattern of FosB in Dbh2/2
cage that did not contain the nest. The pups were removed 30 min
mice, and whether FosB expression is induced following later after noting how many pups had been gathered into the nest.
pup exposure, should help address these questions. For females, a second session of pup retrieval was given 1 day later.
This session was identical to the first except that the duration was
only 20 min,and the behavior of the females was monitored through-Experimental Procedures
out this time for the latency to retrieve each foster pup and time
spent crouching over all pups (1±3) once they had been retrieved.Animals
Only pups brought into the nest were counted as being retrieved.The mice used throughout this study were third to eighth generation
The paradigm was identical for females that had just delivered ex-hybrids of 129/SvCPJ and C57BL/6J inbred strains. Mice used for
cept that her own pups were removed from the cage 30 min priorexperiments were between 4 and 8 months old except for pup
to foster pup introduction on postnatal days 1 and 2.retrieval by young males and females, which were about 2 months
old. Dbh1/2 mice were used as controls because these mice have
normal levels of NE and epinephrine (S. A. T., A. Matsumoto, and DOPS and Catecholamines
Dbh2/2 mice that were administered DOPS received subcutaneousR. D. P., unpublished data). Mice were housed at 228C on a 14:10
hr light:dark cycle with the dark cycle occurring from 20:00 to 06:00. injections of either 0.5 or 1 mg/g DOPS at 20 mg/ml in 0.2 M HCl.
The solution was neutralized with NaOH just prior to injection. WhereFood and water were provided ad lib. For fetal rescue, the maternal
drinking water was supplemented with 10 mg/ml each of phenyleph- indicated, 0.125 mg/g carbidopa (Research Biochemicals, Natick,
MA) was administered along with the DOPS in the same solution.rine and isoproterenol (both from Sigma) from E9.5 to E14.5 and 1
mg/ml of L-DOPS (Sumitomo Pharmaceuticals, Osaka, Japan) from Multiple injections were given 12 or 24 hr apart as indicated, the last
injection being z5 hr prior to testing or sacrifice for catecholamineE14.5 to birth. Both solutions contained 2 mg/ml of ascorbic acid
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measurements because NE levels generally peak around that time with the mice, andB. Marck and A. Matsumotofor the catecholamine
measurements. This work was supported in part by NIH grant HD(S. A. T., A. Matsumoto, and R. D. P., unpublished data).
For catecholamine measurements, mice were rapidly asphyxiated 09172.
over dry ice, blood was removed by cardiac puncture, and 6 ml
of ice-cold phosphate-buffered saline (pH 7) was administered via Received June 16, 1997; revised October 16, 1997.
cardiac perfusion. Tissues were rapidly dissected over wet ice, fro-
zen over dry ice, and stored at 2808C. To extract the catechola-
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